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Deposit Formation and Heat Transfer in Hydrocarbon Rocket Fuels

A. J. Giovanetti
L. J. Spaviceini
E. J. Szetela

SUMMARY

An experimental research program was undertaken to investigate the
thermal stability and heat transfer characteristics of several hydrocarbon
fuels under conditions that simulate high-pressure, rocket engine conling
systems, Th2 rates of carbon deposition in heated copper and nickel-plated
copper tubes were determined for RP-1, propane, and natural gas using a
continuous flow test apparatus which permitted independent variation and
evaluation of the effect on deposit formation of wall temperature, fuel
pressure, and fuel velocity. In addition, the effects of fuel additives and

contaminants, cryogenic fuel *emperatures, and extended duration testing with
intermittent operation were examined.

Parametric tests to map the thermal stability characteristics of RP-1,
commercial-grade propane, and natural gas were conducted at pressures of 6.9
to 13.8 MPa, bulk fuel velocities of 30 to 90 m/s, and tube wall temperatures
in the range of 230 to 810 K. Tests were performed in which RP-1 base fuel
was either doped with an additive designed to inhibit copper migration, or
contaminated with two representative sulfur compounds. Also, tests were run
in which propane and natural gas fuels were chilled to 230 and 160 K,
respectively,

Corrosion of the copper tube surface was detected for all fuels tested,
possibly due to reactions with the trace sulfur impurities present in the
fuel. Plating the inside of the copper tubes with nickel reduced deposit
formation and eliminated tube corrosion in most cases. Doping RP-1 fuel with
a commercially-produced metal deactivator resulted in a significant reduction
in the levels of deposit formed. Also, for short test durations (£ 30 min),
the rates of deposit formation decreased as test time increased., Chslling the
propane fuel prior to entry into the heated tube significaantly reduced deposit
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formation rates. Cryogenic cooling of natural gas (97 percent methane) did
not significantly reduce deposit formation. At & given wall temperature and
fuel velocity, carbon deposition rates for propane in copper tubes were
highest and ranged from 300 to 580 ug/cmz-hr at wall temperatures between 400
and 580 K. The lowest rates of carbon deposition were obtained for natural
gas in copper tubes and did not excced 80 ug/cm-hr at wall temperatures
between 500 and 650 K. Carbon deposition rates of 200 to 320 ug/cm?-hr were
typical for RP-1 in copper tubes at wall temperatures between 560 and 750 K,

For all fuels tested, multiple linear regression correlation analyses
were performed to correlate experimentally-measured fuel-side heat transfer
film coefficients with Nusselt-Reynolds-Prandtl number expressions for a
Nusselt number range of 100 to 10,000, 1In addition, total deposit thermal
resistances which ranged from 0.00l to 1.0 K-cm?/W were computed at the end of
each test. Together, these two pieces of information can be used to predict
the heat transfer characteristics of a rocket engine cooling system in the
presence of deposit formatiocn.
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INTRODUCTION

In an effort to increase the performance of hydrocarbon/liquid oxygen
rocket engines for space booster or orbit transportation systems, (i.e., to
reduce weight and increase specific impulse) combustion pressures as high as
practical are desirable., However, increased combustion pressure leads to a
nearly proportionate increase in wall heat flux in the thrust chamber, and
therefore, greater stress is placed on the design of the regenerative cooling
system. Regenerative cooling with hydrocarbon fuels is feasible up to a point
where the coolant wall temperature reaches a limit defined by a thermal decom-
position or "coking" temperature, Deposit formation on the coolant wall
surface, which usually occurs when the thermal decomposition temperature is
reached, causes an increased thermal resistance, leading to a progressively
increasing wall temperature and, ultimately, failure.

In the previous phase of this program (Ref. 1), an experimental effort
was 1initiated to study deposit formation in hydrocarbon fuels under flow con-
ditions that exist in high-pressure, rocket engine cooling systems. A fuel
coking test apparatus was designed and developed and was used to evaluate the
carbon deposition rates in heated copper tubes for two hydrocarbon rocket
fuels, RP-1 and commercial-grade propane. Also, tests were conducted using
JP-7 and chemically-pure propane as being representative of more refined cuts
of the baseline fuels. The results indicated that substantial deposit forma-
tion occurred in ten minute tests with RP-1 fuel at wall temperatures between
600 and 800 K, with peak deposit formation occurring at wall temperatures near
700 K. Relatively high carbon deposition rates of between 200 and
600 ug/cmz-hr were observed for RP-1, and the rate of deposit formation
increased slightly with pressure over the range 13.8 to 34.5 MPa. 1In prclim-
inary tests, plating the inside wall of the tubes with nickel was found to
significantly reduce carbon deposition rates for RP-1 fuel, No improvements
were obtained when deoxygenated JP-7 fuel was substituted for RP-1,

The carbon deposition rates for the propane fuels were generally higher
than those obtained for either of the kerosene fuels at any given wall temper-
ature., Deposits were found with propane at a wall temperature as low as
420 K. However, the migration and interdiffusion of copper and carbon in the
form of dendritic formations which appeared to grow out of the copper surface
improved heat transfer from the tube to the fuel and cuppressed any signifi-
cant thermal resistance buildup, Severe wall temperature instability was
experienced when the heat flux was raised to increase the wall temperature
above 420 K, allowing the bulk temperature of the propane to pass through a
value corresponding to the maximum point of inflection in the specific heat
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vs, temperature curve., There appeared to be little difference between
commercial-grade and chemically-pure propane with regard to type and quantity
of deposit for wall temperatures between 400 and 600 K,

The objective of this investigation was to extend the available data base
for deposit formation in hydrocarbon fuels under conditions that exist in
high-pressure rocket engine cooling systems. Experiments were conducted to
evaluate the rates of carbon deposition in electrically-heated tubes for RP-1,
commercial propane, and natural gas for a range of fuel pressures, flow
velocities, and tube wall temperatures. In addition, the effects on fuel
thermal stability of variations in tube material, extended duration testing
with intermittent operation, fuel additives and contaminants, and cryogenic
fuel temperatures were examined. The method of approach to accomplish these
tasks consisted of (1) characterizing each test fuel with respect to its
chemical composition and physical properties, (2) modifying and fabricating
components for an existing heated-tube test facility, (3) thermally stressing
each test fuel in accordance with a prescribed matrix of operating conditions,
and (4) characterizing the deposit thermal resistance and levels of carbon
deposition observed in the experiments,

The organization of this report is as follows: First, a background
section 1s presented which discusses possible mechanisms for deposit formation
and the empirical correlations used to relate deposit formation rate with fuel
composition. The experimental apparatus and procedures used in this program
are then presented, followed by presentation and discussion of the experi-
mental results. The last section of this report summarizes tne important
conclusions drawn from the program. A complete listing of all the test data
acquired, including calculated parameters, 1s presented in the Appendix.
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BACKGROUND

Mechanisms for Deposit Formation

The rate of formation of deposits on heated walls in contact with flowing
hydrocarbon fuels has been found by a number of investigators (Ref., 2) to vary
with temperature in a unique manner as shown in Fig., 1. The Region A is
characterized by the presence of oxidation products in the fuel stream and
oxygen in the deposits. The Region B is characterized by the pyrolysis of
hydrocarbon molecules and the scisson of hydrogen. The reaction mechanism in
the region between A and B, which is characterized by a decreasing deposit
formation rate, is not well understood, and any effort to explain the behavior
of fuel in that region would prove to be conjecture. Most of the available
deposit formation data obtained from kerosene~type fuels flowing in tubes
falls into either Region A or the negative-slope region between A and B.
Furthermore, reactions can be accelerated if the passage surfaces are made of
reactive or catalytic metals.

In the previous phase of this program (Ref. 1), deposit thermal
resistance were shown to be strong functions of wall temperature in Region A.
Also, deposit formation rate and thermal resistance decreased with increasing
velocity. These trends indicate that the deposit forming mechanisms tend to
Le limited by the chemical kinetics of the deposition reaction rather than by
diffusion. The higher shear resulting from increased velocity may have served
only to promote washing away of deposit from the tube wall,

Chemistry of Deposit-Forming Frocesses

The detailed chemical reactions that result in fuel deposits are very
complex and not well understood at present. It is widely agreed, however,
that they usually begin with oxidation of the fuel, which is promoted by
dissolved air. The fuel/oxygen reaction, which involves free radical chains,
is termed autoxidation. Common impurities such as compounds of sulfur,
nitrogen, and metals enter and accelerate the reactions,

The following chain reaction mechanism is usually cited to describe
hydrocarbon autoxidation (Ref. 3):

M
Initiation 2 R-H + 0, * 2R* + H,0, (a)
Re + 02 »> ROZ' (b)
Propagation
ROZ' + R + ROOH + R* (c)
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RO,¢ + RO,* + ketone + alcohol + 0, (d)
Termination RO,* + R* + ROOR (e)
Re + R* + R-R (f)

Reaction (a) forms an alkyl free radical (Re¢), in most cases with
the aid of a surface. The propagation steps (b) and (c¢) carry the
chain to a stable product, a hydroperoxide. Reaction (b) is rela-
tively fast and Reaction (c) is normally rate controlling. At low
oxygen concentrations (1 to 20 ppm), however, Reaction (b) may be
rate controlling. Termination reaction rates also depend on oxy-
gen concentration, with Reaction (d) predominating at high oxygen
concentrations and Reaction (f) at low concentrations.

The rates of the reactions in autoxidation are dependent upon
temperature, hydrocarbon structure, and oxygen concentration.
Catalysts and free radical initiators can also materially altev
rates, particularly that for step (a).

1f sufficient oxygen is present, the hydroperoxide concentration
will reach a limiting concentration. Hydroperoxide decomposition
ensues and additional free radical reactions occur. Alcohols and
ketones are the major products in the initial stages of this
process, but the more extensive oxidation which follows yields
acids, hydroxyketones, and esters. If the oxygen supply is
limited but the temperature is raised, hydroperoxide will decom-
pose. The major products are alcohols, ketones, and small hydro-
carbons.
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The importance of autoxidation reactions may be their ability to generate
a spectrum of free radical intermediates which can accelerate other reactions
such as oxidative polymerization (Ref. 4). Vranos (Ref. 5) has postulated
that it is the simultsneous formation of olefins and free vadicals which
ultimately leads to the formation of polymeric deposits, and he has con-
structed a schame for describing how polymer formation proceeds in a
n-alkane/oxygen system.

Effect of Hydrocarbon Type

Taylor (Ref. 6) has studied the effect of hydrocarbon type on fuel
thermal stability and, as shown in the table below, has normalized his results
relative to deposit formation in n-dodecane,

— = = .
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EFFECTS OF HYDROCANBON TYPE
ON DEPOSIT FORMATION (REF. 6)

DEPOSITS RELATIVE

HYDROCARBON TYPE TO n-DODECANE = 1.0
n-Cn 1.0

n-Clo r.8

n“st 1.5

I'I‘Clz 2.3
AROMATICS (PURZ) 1 to$
AROMATICS (10% BLEND) 0.1 to 0.8
OLEFINS 3 to 50
NAPHTHENES 0.5 to 0.8

11 the range of C;, to C;¢, the n-alkanes produced fewer deposits at a
given temperature. Hydrocarbon chain branching increased the rate of deposit
formation. Pure aromatics produced more deposits than n-alkanes, but actually
seemed to inhibit deposit formation when blended with n-alkanes. Naphthenes
behaved much as did aromatics in these studies, and olefins were quite
deleterious to fuel stability. The most reactive species were diolefins with
non-conjugated terminal double bonds.

Effect of Impurities and Dissolved Oxygen

Nitrogen and sulfur compounds and certain metals play a major role in the
oxidation process by catalyzing the formation and decomposition of hydroper-
oxides for the free radical autoxidative polymerization. The following
discussion of the effects of sulfur and nitrogen compounds and dissolved
oxygen was taken from the CRC Literature Survey on the Thermal Oxidation
Stability of Jet Fuel (Ref. 3).

The only major study on the role of sulfur in thermal oxidation
stability vas made by Taylor (Ref. 7). 1In this study, pure

sul fur compounds were added at the 1000 ppm S level to a sulfur-
free jet fuel. Experiments were conducted in the Esso kinetic
unit at temperatures between 366 to 709 K. Of 12 sulfur com-
pounds examined, two~-diphenyl sulfide and dibenzothiophene--
produced slight effects. Disulfides, thiols, and other sulfides
exhibited significant increases, in some cases up to twentyfold.
This effect increased as the temperature was raised. Deposit
formation appeared to increase proportional to the square root
of the sulfur concentration,
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Much less is known asbout the effect of nitrogen compounds on
thermal oxidation stability. Indule, 2-ethy)pyridine and 2,5
dimethylpyrrole increased 1epoeit formation rates four- to
ten-foid in the kinetic unit when added at the 1000 ppm ni-
trogen leveir (Ref. 8). This effect, which was tested in the
379 to 422 K range, was more pronounced at higher tempera-
tures. Other tests with the pyrrole at lower concentrations
demonstrated that this compound increased deposits even at
the 10 ppm N level.

As discussed above, dissolved molecular oxygen participates
in complex free-radical chain reactions which have been shown
ultimately to result in the formation of sediments, gum, and
deposits., This suggests that fuel stability can be enhanced
by suppressing these autoxidative deposit forming reactions
via removal of dissolved oxygen.

The effect of deoxygenation was investigated (Ref. 4) with a
aspectrum of jet fuels whose quality ranged from very good to
poor, The fuels were evaluated on both an air-saturated and
deoxygenated basis (<1 ppm 0,) at 7.0 MPa. The ranking of
these fuels on an air-saturated basis agreed well with pre-
vious evaluations. Total deposits were markedly reduced by
the removal of molecular oxyeren with all fuels except the
poorest quality fuel, It was concluded that although deoxv-
genation has the potential for a marked reduction in deposit
formation rate, deoxygenation by itself does not guarantee
such a reduction, and the composition of the fuel in a deoxy-
genated system is equally important for reduced derosit for-
mation rates.

Empirical Correlations

Because of the complexity of the Aeposit formation pioblem, empirical
correlations offer the best possibility of formulating generalized relation-
ships between deposit rate and the environment in which a deposit forms. An
example cf{ a correlating equation relating JFTOT breakooint temperature (i.e.,
the temperature at which deposit level is considered i _gnificant based on a
visual comparative test) to the quantity of certain fuel constituents (Ref. 9)
is shown below:

T= 255 + 259(8)‘0.026 (N)‘0.00415 (".)'0.0169 (OL)-O'OBZ (Af)-0'067

The percentages of th: materials are denoted by the following symbols:
S - Sulfur, N - Nitrogen, Na - Naphthalenes, OL - Olefins, and Ar - Aromatics;
and T is the breskpoint temperature in degrees Fahrenheit,
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The utility of such equations is limited to the fuels tested and by the
range of applicability of the empirically-determined constants. Not unexpect-
edly, recent data (Ref. 10) with pyridene, ethylpyridene, indole, pyrrole, and
quinoline indicates that the particular type of nitrogen compound has a
greater effect on breakpoint temperature than the total nitrogen concentration
in the fuel., Other data (Ref. 11) obtained in a JFTOT indicate that benzene
(aromatic) yielded less deposit than Jet A while l-hexene (olefin) yielded
more deposit than Jet A,

Catalytic Effect of Metals

It has been widely stown in tlie literature that both soluble and insol-
uble metals can catalyze reactions involved in autoxidation. For example, a
concentration of only 0.01 ppm of elemental copper in jet fuel can signifi-
cantly decrease its thermal stability and result in excessive deposit forma-
tion. Low allowable metal contaminate concentration thresholde have also been
reported for iron, zinc, lead, and vanacdium (Ref. 12).

Studies of the catalytic effects produced by various tube wall materials
have indicated that copper and copper-alloy surfaces cause high deposit forma-
tion rates while aluminum, titanium, and nickel surfaces result in low rates
of formation. Deposit formation on stainless steel is generally lcw, parti-
cularly for type 316; however, higher deposit rates have been reported for
type 304.

Baker (Ref. 13) has suggested that nickel can also be very resctive,
particularly with light hydrocarbons, and can promote a greater degree of fuel
pyrolysis and deposit formation than copper. Copper alloys are also con-
sidered to be very reactive, Gold may be the only metal that can be con-
sidered unreactive and a continuous, pore-free coating might protect copper.
Although pure methane is not likely to form deposits, impurities commonly
found in natural gas such as olefins (e.g., cthylene, propylene) and sulfur
sre likely to be very reactive.

sackground Suwwmary

Experiments conducted with kerosene-type fuels have shown deposit forma-
tion on metal surfaces, such as sainless steel in the temperature range of
400 to 600 K, denends upon the formation of oxidation products. Oxygen is
often present in the deposits. If oxygen is removed from the fuel, deposit
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formation is reduced., Some metal surfaces accelerate these reactions; copper
has been found to be very reactive. The presence of copper may even over-
shadow the effect of oxygen. Certain sulfur and nitrogen compounds in the
fuel result in increased Jeposits on some metal surfaces, A high concentra-
tion of certain hydrocarbons, particularly olefins, also result in increased
deposits.

The chemistry invoir.ed in deposit formation at temperatures above 800 K,
where the effects of oxygen are no longer important, includes cracking of the
hydrocarbon and the production of carbon. The carbon may migrate into the
metal surface and even remove some of the metal from the surface. Some metals
are quite reactive and can be considered to be catalytic at elevated tempera-
tures, e.g., nickel. The effect of copper at tempzratures above 800 K has not
et been adequately documented.

Although the chemistry of fuel deposit formation coutinues to he studied,
in the near term, empirical correlations of data offer the best possibility of
formulating generalized relationships between deposit rate and the environment
in which a deposit occurs. Where deposit formation measurements include ther-
mal resistance, these correlations can be extended to include the heat trans-
fer effects of deposit formation.,
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EXPERIMENTAL APPARATUS AND TEST PROCEDURES

Experiments were conducted to evaluate the rates of carbon deposition for
RP~1, commercial-grade propane, and natural gas under flow conditions that
exist in high-pressure rocket engine cooling systems. The fuel characteris-
tics, test facility, and data analysis procedures are discussed in the
following sections.

Fuels Characterization and Pretreatment

The base fuels which were tested during this program were RP-1 rocket
fuel (MIL~P-25576), commercial-grade propane, and natural gas (a simulant for
methane). Both the propane and natural gas fuels were acquired from local
commercial suppliers, and RP-1 was supplied by the Goverament. In addition,
two samples of stock RP-1 fuel were pretreated with additives to study the
effects of altering fuel composition on thermal stability and carbon deposi-
t.on rate. These modified fuels were produced by (1) doping with a commer-
cially-produced adiitive designed to inhibit copper migration into the fuel,
and (2) contaminating with two selected organic sulfur compounds to raise the
sulfur concentration in RP-1 to the specification limit (i.e., 0.05 wt%).
These modifications were made immediately prior to a test run and no special
storage or handling facilities were required for the fuel,

The chemical compositions of the test fuels were obtained by utilizing a
combination of available Government-furnished information and independent
analytical laboratory facilities; that is, a certificate of analysis for the
RP-1 fuel used in this program was supplied by the Government (Ref. 14), and
the propane and natural gas fuels were analyzed at an independent laboratory
(Refs, 15 and 16). Selected results of the RP-1, propane, and natural gas
fuel analyses are summarized in Tables I to III, respectively, Thermophysical
and trangport properties of each fuel as functions of temperature and pressure
were obtained from several sources (Refs. 1, 17 to 20). Tables IV to VI
summarize the variation of viscosity, specific heat, thermal conductivity,
density, and »‘ocific enthalpy as a function of pressure and temperature for
RP-1, propane, and methane, respectively,

Fuel Treatment with Metal Deactivator

The teandency of the copper tube mater.al to migrate into the fuel was
inhibited by treatment of the test fuel with DuPont Metal Deactivator (DMD),
an 80 percent (by weight) solution of N,N'~disalicylidene-1,2,-propanediamine
in xylene (Ref, 21). When added to the fuel in proper concentrations, DMD
acts to combine with dissolved copper to form a stable chelate of copper.

11




Because DMD was developed to increase long term storage stability and to
reduce gum formation in liquid hydrocarbon fuels at moderate temperatures, it
was unknown whether it would have a positive effect in reducing carbon deposi-
i tion and improving fuel thermal stability at the elevated temperatures charac-
terigtic of the heated-tube tests. DMD is a liquid at room temperature., When
I ated above a temperature of 422 K, DMD begirs to break down. At 556 K, the
material boils and decomposes rapidly to lower boiling point compounds,

! including phenol.

; DuPont recommends that the concentration of DMD be approximately five

: times the concentration of the copper dissolved in the fuel, and not exceed
0.005 percent by weight for optimum benefit. The concentration of copper in
V the RP-1 fuel is normally less than 0.0l ppm by weight (Ref. 1). However,
because it was believed that additional copper would dissolve into the fuel
when passed through the copper test tube, it was decided to add the maximum
recommended amount of DMD., A concentrated stock solution of RP-1 and DMD was
accurately prepared and, prior to test, it was added to a preweighed quantity
of RP-1 to produce an effective concentration of 0.005 percent DMD in RP-1,
In order to ensure thorough mixing of the RP-1 and DMD, the contents of the
drum were recirculated using a fuel transfer pump until approximately ten
times the volume had passed through the pump.

Fuel Treatment with Sulfur Compounds

The maximum concentration of sulfur permitted in RP-1 in accordance with
the applicable military specification is 0.05 percent by weight; however, the
N RP~1 fuel used in this test program was analyzed and found to contain only
A 0.007 percent sulfur by weight (see Table I). Therefore, a batch of the as-
o delivered fuel was treated with enough thianaphthene, CcH,C,8H,, and benzyl
disulfide (CgHgCH,),S,, to raise its sulfur concentration to the specification
limit, i.e., from 0.007 to 0.05 percent by weight. The selection of
taianaphthene and benzyl disulfide compounds as the sulfur-containing species
- was based on typical analyses of the crude oil performed by the refiner.

i These analyses indicate that nearly two-thirds of the sulfur is bound in the

. form of thiophenes and one-third is bound in the form of disulfides (Ref, 22),.
Also, the solubility of each of these compounds in RP-1 had been previously
verified in the laboratory.

W ¥, ¢

The came experimental techniques followed for doping RP-1 fuel with metal
t, deactivator were followed in the sulfur treatment test; that is, a concen-
trated stock solution of thianaphthene and benzyl disulfide dissolved in RP-1
was prepared and mixed with a preweighed quantity of RP-1 just prior to test.
The net effect was to raise the sulfur concentration of the test fuel to 0.05
percent by weight.
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In order to verify proper treatment of the stock RP-1 fuel with sulfur, a

sample was drawn and its composition analyzed (Ref. 23). The results of this
analysis are shown in Table VII. The certified analysis confirmed that the
appropriate amount of sulfur had been added to the stock fuel to bring it to
the specification maximum of 0.05 percent by weight,

Test Facility and Test Procedures

Experimental Apparatus

The test program was conducted in an existing self-contained combustion
test facility which consists of a concrete test cell and a separate control
room housing operating personnel and the data acquisition system. The facili-
ty and test apparatus employed in this experiment are capable of continuous
operation over a range of conditions including fuel flow velocities up to
100 m/s, fuel pressures up to 13.8 MPa, and tube wall temperatures up to
866 K. An electrical power supply capable of delivering 4000 amp at 40 kVA
a~c was used to provide power for heating the test tubes while flowing fuel,
The experimental facility is capable of handling both gaseous and liquid
fuels.

The test apparatus, shown schematically in Fig. 2, consists of the
following major components: (1) a fuel supply tank, (2) a zeolite-type
molecular sieve used to remove water, carbon dioxide, and sulfur from the
natural gas, (3) a fuel delivery system consisting of four piston-type
accumulators having a total volume of 0.35 m> and used to drive fuel through
the test section, (4) a cryogenic heat exchanger to cool the propane and
natural gas in selected tests to temperatures of 230 K and 160 K, respective-
ly, (5) a resistance~heated test tube connected to a 40 kVA high-amperage
power supply, (6) an in-line nylon-membrane filter (0.45 um) for collecting
any solid particles which might form in the bulk flow or break off from the
tube wall during a test, (7) a fuel cooler, (8) an electrically-driven
metering valve to control the fuel flow through the test section, (9) turbine
and venturi flowmeters, (10) a fuel dump tank, and (l11) an air-driven ejector
and exhaust stack used when testing with natural gas. A photograph of the
facility is presented as Fig. 3.

The heat exchanger, provided to cool the propane and methane, is part of
the cryogenic fuel delivery system depicted schematically in Fig. 4. The
basic components of this system include: (1) three nested, double spiral,
heat exchanger coils fabricated from 0.95-cm OD stainless steel tubing, each
approximately 36-m long; (2) a 76-% vented dewar flask filled with liquid
nitrogen; (3) a liquid nitrogen level sensor and level control unit; (4) a
flexible, stainless steel liquid nitrogen transfer line attached to a porous,
sintered=bronze phase separator; (5) a cryogenic solenoid valve; and (6) a low
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pressure, insulated liquid nitrogen supply vessel to replenish the liquid
nitrogen that is vaporized in the dewar.

The stainless steel heat exchanger coils were immersed in the vented
dewar flask of liquid nitrogen. Natural gas or propane entered the coils at
approximately 290 K and 13.8 MPa. All three coils, connected in parallel,
were required to cool the natural gas to the temperature of 160 K, whereas, a
single coil was sufficient to lower the temperature of the propane to 230 K,
An electronic¢c control unit and liquid-level sensor element were used to
actuate a solenoid valve in the transfer line to enable automatic transfer of
liquid nitrogen from the supply vessel to the dewar, as required. The phase
separator, attached to the discharge end of the transfer line, minimized
flashing of liquid nitrogen into vapor during filling of the dewar. A photo-
graph of the heat exchanger, liquid nitrogen supply vessel, and zeolite
molecular sieve is provided as Fig. 5.

Since it was not possible to reclaim the natural gas used in this
program, a special mixer/diffuser was fabricated to dilute the natural gas
below its flammability limit. The gas/air exhaust system consisted of a
compressed~air-driven ejector installed approximately 6 m above ground. The
ejector primary nozzle and mixing sections were designed to yield an entrain-
ment ratio of 3.3 (using the data in Ref. 24) and to dilute the natural gas
with air, resulting in a natural gas mass fraction at the exhaust of approxi-
mately 0.008; a value well below both the flammability limit and the level
affecting pulmonary function.

Heated Test Tube Fabrication and Characterization

The heatea test tube assembly and a cross-sectional view of the tube
configuration are shown schematically in Fig, 6. The test tube comprised a
duplex arrangement formed by an inner 0.,196-cm ID x 0,348-cm OD, 99.99 percent
pure copper tube and an outer 0.348-cm ID x 0.475-cm OD Incone. 600 tube. The
Inconel sheath provided the necessary high-temperature tensile strength while
the inner copper tube provided the desired test material and surfa » condition
for studying fuel deposit formation in rocket engine cooling systems. The
test tubes were ¢r.igned to withstand continuous operation at maximum outer
wall temperatures up to 866 K and fuel pressures up to 13.8 MPa, While the
structural 'Had was carried by the outer Inconel sheath, the major electrical
power fraction (approximately 95 percent) was carried by the higher conductiv-
ity coiper tube, Therefore, the induced radial temperature gradient was
smal’ .

The duplex tubes were fabricated by inserting the copper tubing into
oversize Inconel tubing and drawing the assembly through a die, thereby
reducing the tube diameters and creating a mechanical bond. Prior to fabrica-
tion, te wmanufacturer cleaned both the Inconel and copper tube components
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using a special cleaning procedure designed to ensure against the existence of
any significant electrical or thermal resistance at the interface of the two
metals, which could stem from contamination or oxidation. The cleaning proce-
dure adopted for the copper tubing consisted of immersing the tubing in a
solution of 10 percent sulphuric acid and 90 percent water for a period of 10
to 15 min, followed by a thorough water rinse to remove all traces of acid
residue. Th. Inconel tubing was degreased by immersing in acetone for a
period of 5 to 10 min,

After fabrication, the integrity of the Inconel/copper bond in the test
tubes was ascertained by testing a sample length. These tests consisted of
metallographic examinations made with a scanning-electron microscope and
elemental analysis at the tube interface made utilizing a scanning-electron
microprobe. Microscopic examination of the interface showed that the mechani-
cal bond was satisfactory. The microprobe analysis comprised searches for
carbon, oxygen, sulfur, and chlorine. These analyses indicated that the
interface region was clean and free of constituents which would affect the
tube heat transfer characteristics,

The test tube interior surface finish was characterized using a Bendix
type AD, Model 17 profilometer. A tracing speed of 0.25 cm/s was used. The
measured interior surface roughness height (i.e., the average deviation from
the mean surface) of the tube was from 0.25 to 0.30 um, slightly smoother than
the 0.63 to 0.84 um finish tube tested in the previous program (Ref. 1).

In an effort to passivate the normally reactive copper surface, several
test tubes were plated with nickel by a vendor who used an electroless
process, Phosphorous is a major constituent in the electroless plating solu-
tion and was found present in the nickel plate (Ref. 1). After the plating
process, selected tube specimens were split longitudinally to verify that
there was complete coverage of the copper with nickel. In addition, in order
to determine the thickness of nickel deposited on the copper surface, a
longitudinal specimen of plated tubing was polished and examined micro-
scopically. The average thickness of the nickel plating was 6 um.

Test tube assemblies depicted in Fig, 6 were cut from 1.9-m lengths of
duplex tubing and brazed to copper bus rings, which in turn were bolted to
copper ring adapters. In order to avoid excessive heating of the test tube, a
95/5 percent cadmium/silver solder having a solidus of 611 K and a liquidus of
667 K was used in this operation. Ten chromel-alumel thermocouples were spot
welded to the Inconel sheath at 2,54~cm intervals, starting at 1.27 cm from
the electrical bus ring. The surface of the Inconel tube was coated with
Sauereisen cement at the thermocoupie junctions, to electrically insulate the
thermocouple lead wires from the tube, and the wire was wrapped once around
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the tube and coated with additional Sauereisen cement to ensure good thermal
contact and thereby minimize heat conduction from the junction,

The test saection mounting arrangement is also shown in the photograph in
Fig. 7. The test tube assembly was mounted on teflon-lined cradles designed
to accommodate the bus rings and to permit thermal expansion by providing a
smooth sl